We have identified elements present in the ionic liquid-vacuum outer atomic surface of 23 ionic liquids using high sensitivity low-energy ion scattering (LEIS), a very surface sensitive technique. We show that the probability of cationic heteroatoms being present at the ionic liquid-vacuum outer atomic surface is very low; we detected imidazolium nitrogen for only one of the 18 imidazolium based ionic liquids investigated, no nitrogen for the two ammonium based ionic liquids and a very small amount of phosphorus for two of the three phosphonium-based ionic liquids. We determine that the anion is always present at the ionic liquid-vacuum outer atomic surface, even for very large cations containing dodecyl alkyl chains or longer; these chains dominate the ionic liquid-vacuum outer atomic surface, but are not sufficiently densely packed to completely cover the anions. We demonstrate the presence of strong hydrogen bond acceptor adsorption sites at the ionic liquid-vacuum outer atomic surface. We demonstrate that the amount of ion present at the ionic liquid-vacuum outer atomic surface can be tuned by varying the size of the other ion; larger cations (or anions) occupy more of the ionic liquidvacuum outer atomic surface, leaving less room for anions (or cations). By identifying elements present at the ionic liquid-vacuum outer atomic surface, conclusions can be drawn on the orientations of anions nearest the vacuum. We show that for five different anions there is a most probable ion orientation, but other anion orientations also exist, demonstrating the presence of multiple anion orientations. The imidazolium cations nearest to the vacuum also show similar multi-orientation behaviour. This variety of atoms present and therefore ion orientations is expected to be central to controlling surface reactivity. In addition, our results can be used to quantitatively validate simulations of the ionic liquid-vacuum surface at a molecular level. Overall, our studies, in combination with literature data from different techniques and simulations, provide a clear picture of ionic liquid-vacuum outer atomic surfaces.
Introduction
The ionic liquid-gas surface 1,2 is crucial for a wide range of applications: gas capture/storage/separation, 3-9 nanoparticle and thin lm preparation, [10] [11] [12] [13] [14] supported ionic liquid phase (SILP) catalysis, 15, 16 and stationary phases for gas chromatography. 17, 18 For absorption to occur, which is required for all of the above applications, adsorption must rst occur. Adsorption is primarily controlled by the composition of the ionic liquidgas outer atomic surface (the atomic layer of an ionic liquid which is in contact with the gas). If the possible adsorption sites at the ionic liquid-gas outer atomic surface are known, then adsorption can be understood. In addition, the ionic liquid-gas surface is a key factor in determining the surface tension of ionic liquids. 19, 20 A huge range of ionic liquids can be conceived due to the ability to vary the substituents on the cation and anion (a conservative estimate gives 10 6 ionic liquids made up of one cation and one anion 21 ). Such an array of ionic liquids gives the tantalising possibility of tuning the ionic liquid-vacuum surface by varying substituents to give exactly the desired structure/properties. 22 A brute force method of synthesising and measuring a large, structurally diverse set of ionic liquids is expensive and time-consuming. Consequently, there is a pressing requirement for greater understanding of the ionic liquid-vacuum surface to realise the goal of tunability. The only way this requirement can be achieved is by investigating carefully selected "target" ionic liquids that will give a representative picture for all ionic liquids and allow predictions of properties.
Investigating most liquid-gas surfaces at a molecular level is very difficult due to a lack of available techniques; many molecular level techniques require ultrahigh vacuum (UHV) conditions, which at room temperature lead to evaporation of most liquids. 23 Consequently a limited range of methods have been used, including indirect probes (e.g. surface tension) and optical techniques (e.g. sum frequency generation (SFG) spectroscopy). 24 Ionic liquids have sufficiently low vapour pressure that they can be studied at room temperature using standard UHV apparatus, opening up the possibility of using a wide range of surface science techniques to probe the molecular level structure of these liquid systems. 13, [25] [26] [27] The techniques that have been used to investigate the ionic liquid-vacuum surface (the region within which the properties of the ionic liquid are signicantly different from that of the bulk ionic liquid) can be separated into four different areas: spectroscopy, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] scattering, 46-59 sticking probability/temperature programmed desorption, [60] [61] [62] and molecular dynamics (MD) simulations. 45, [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] These techniques probe different depths; the ionic liquid-vacuum experimental surface is that portion of the ionic liquid with which there is signicant interaction with the particles/radiation used for excitation (the volume corresponding to the escape for the emitted radiation or particle). For example, the ionic liquid-vacuum experimental surface for angle-resolved X-ray photoelectron spectroscopy (ARXPS) is about 1 nm to 1.5 nm. [28] [29] [30] [31] [32] [33] However, metastable atom electron spectroscopy (MAES) [35] [36] [37] [38] [39] and atom/molecule scattering, [46] [47] [48] [49] [50] [51] due to the reactivity/size of the probe, are signi-cantly more surface sensitive than ARXPS, [28] [29] [30] [31] [32] [33] as these techniques probe primarily the ionic liquid-vacuum outer atomic surface (the atomic layer of an ionic liquid which is in contact with the vacuum). Different surface sensitive techniques offer different information, and to fully understand the ionic liquid-vacuum surface, a range of techniques are needed in order to build up a complete picture. Given the complexity of ionic liquid-vacuum surfaces, MD simulations have a vital role to play in gaining a clearer understanding. To date, MD simulations have been quantitatively validated by comparing experimental and calculated values of surface tension 45, [64] [65] [66] and CO 2 scattering; 70 molecular level structural validation is required to give condence in the force elds used.
The most frequently postulated model, and therefore we conclude is the most probable model, for the ionic liquidvacuum surface, typically based upon studies on 1,3-dialkylimidazolium-based ionic liquids, is that the alkyl carbons are nearest to the vacuum, and that the charged components are nearest to the bulk liquid. 1, 2, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [45] [46] [47] [48] [52] [53] [54] [55] [56] [57] [58] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] This model is the most probable, but is it truly representative of the complex ionic liquid-vacuum surface? In addition, will this model be sufficient to explain the surface properties of ionic liquids? In particular, are all adsorption sites accounted for? Using sticking probability and temperature programmed desorption for water adsorption/desorption from [C 8 imide), Jones and co-workers showed that the thermally averaged kinetic parameters are very similar for these two very different ionic liquids. [60] [61] [62] The ndings are not easily explained using the most probable model; therefore, a more comprehensive description of ionic liquid-vacuum surfaces is required. In order to achieve this description, two key questions need to be answered. Firstly, are the cation and anion both at the ionic liquid-vacuum outer atomic surface? And secondly, which moieties of the cation and anion are at the ionic liquid-vacuum outer atomic surface? Answering the second question will allow conclusions to be drawn on ion orientation.
It is clear from literature reports that at least one moiety of cations is at the ionic liquid-vacuum outer atomic surface: the alkyl chains. It should be noted that the alkyl chains are not densely packed, as they have a density that is lower than close packing, as demonstrated using SFG spectroscopy 43 4 ] at the ionic liquid-vacuum outer atomic surface. 63, 65, 66, 71, 72 It is envisaged that the imidazolium ring orientation will impact upon adsorption behaviour, as the adsorption site will be very different if the p-system of the imidazolium ring is oriented parallel or perpendicular to the surface plane. There is contradictory evidence in the literature about the imidazolium ring orientation for the ions nearest the vacuum. SFG spectroscopy studies on an extensive range of ionic liquids by Baldelli and co-workers have concluded that the imidazolium ring plane is oriented parallel to the ionic liquidvacuum surface plane. 1, 41, 42 Reports from MD simulations have concluded that the most probable imidazolium ring orientation is parallel 66, 67, 70 or perpendicular [64] [65] [66] [71] [72] [73] [74] 77, 78 to the ionic liquidvacuum surface plane; it is unclear at this stage if the different orientations reported are due simulation effects or ionic liquids.
There is a consensus that at least part of the anion is at the ionic liquid-vacuum outer atomic surface when the cation contains short alkyl chains (n # 4); 1,2 however, it must be noted that using MD simulations it was concluded that even for [C 4 34 Experimental reports on the possibility of more than one anion orientation are limited. Using RBS for [C n C 1 Im][Tf 2 N] it was concluded that for both n ¼ 2 and n ¼ 6, the most probable orientation is with the CF 3 groups towards the vacuum; however, when n ¼ 6 there is a small but signicant probability of SO 2 N groups being towards the vacuum. 52 Using SFG spectroscopy a range of [N(CN) 2 ]
À orientations were found in
Another important question arises: is it possible to control and therefore tune the amount of a particular ion at the outer surface, and therefore tune the surface properties? The effect of the anion on the amount of the cation (and vice versa) at the outer atomic surface has been investigated relatively little to date for ionic liquids, due most likely to a combination of small sample sets and the technique not being able to provide such information. Using ARXPS it was found for nine [C 8 81 Aer analysis of the neat ionic liquid spectra they concluded that the ionic liquid-vacuum outer atomic surface is composed of all atoms of both cations and anions for all ionic liquids studied. However, careful examination of the data in this paper reveals the absence of nitrogen peaks in those spectra.
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In this paper we use high-sensitivity LEIS to determine the elements present at the ionic liquid-vacuum outer atomic surface for 23 ionic liquids (see Table S1 † for a list of the 23 ionic liquids with their full names). We have studied 18 dialkylimidazolium-based ionic liquids, two tetraalkylammoniumbased ionic liquids, and three tetraalkylphosphonium-based ionic liquids, in combination with 12 different anions, which in total are composed of eight different non-hydrogen elements: B, C, N, O, F, P, S and Cl (see Scheme 1 for the cations and anions studied). We have selected our "target" ionic liquids with the goal of giving a representative picture for all ionic liquids and allowing predictions of properties. 85 and so their use industrially is expected to greatly increase in the coming years. The ionic liquid-vacuum surface is studied for the rst time for a number of the ionic liquids here. We investigated whether the cation charged group and the anion are present at the ionic liquid-vacuum outer atomic surface. We investigate whether the amount of anion (or cation) can be tuned by varying the cation (or anion), and what anionic (or cationic) properties control this tuning. The orientation of the imidazolium cation and the orientation of ve anions are investigated. In combination with results from other techniques and simulations, we will provide a clear picture of the ionic liquid-vacuum outer atomic surface for the ionic liquids investigated.
Experimental

Ionic liquid synthesis
Ionic liquid synthesis. The structures of the ionic liquids investigated in this study are shown in Table S1 . † These ionic liquids were either purchased from: Sigma-Aldrich ([C 4 . The purity of all ionic liquid samples synthesised in our laboratories was assessed using 1 H NMR, 13 C NMR spectroscopy, and electrospray ionisation and fast atom bombardment mass spectrometry.
Low-energy ion scattering (LEIS)
LEIS experiments were performed in a Qtac 100 instrument (ION-TOF GmbH) at a base pressure of $3 Â 10 À10 mbar (which increases to the 10 À8 mbar range during the analysis due to the ux of helium gas). The instrument is tted with a double toroidal energy analyser (DTA) which collects the scattered ions at a scattering angle of 145 from all azimuth angles. This large solid angle of acceptance combined with parallel energy detection improves the efficiency of the detector by several orders of magnitude in comparison to conventional LEIS instruments and allows the acquisition of higher quality spectra for the same He + doses. This is especially useful when static conditions are required, i.e. the analysis of the sample before signicant surface damage occurs. The samples were analysed using a He + primary ion beam directed perpendicularly to the target surface at 3000 AE 5 eV energy with an analyser pass energy of 3000 eV. Low-energy sputtering was performed by 1 keV Ar + bombardment at an angle of 59 . In the ESI, † we demonstrate that our LEIS results are representative of the undamaged ionic liquid surface, i.e. we operate under static conditions. In addition, the experimental reproducibility, the lack of surface charging, and the sample purity of all of our analysed LEIS samples are also demonstrated. Surface purity was routinely checked before recording LEIS spectra, and if any unexpected peaks were observed, Ar + bombardment was carried out. More details are given in the ESI. † Element identication. Element identication was achieved by identifying the presence of characteristic surface peaks. LEIS is an element specic technique. The He + -sample atom interaction can be modelled as a two-body collision between two quasi-free particles and using the laws of classical mechanics, the energy of the scattered He + can be easily calculated (eqn (S1)
and Table S2 †) . If an element was present at the sample outer atomic surface in signicant concentration a Gaussian-shaped peak was observed at a characteristic energy that is commonly labelled as the surface peak. Table S2 † gives the predicted and recorded peak energies, and Table S3 † gives the peak energies determined using a peak tting procedure outlined in the ESI. † Element quantication. An aim of LEIS studies is to determine the outer atomic surface concentration of each element i, N i . The scattered ion yield for each element in each LEIS spectrum, Y i , was determined using a peak tting procedure outlined in the ESI. † S i is related to N i by:
where P i + is the ion fraction (the probability that incoming He + ions are scattered towards the detector as He + ions rather than as neutralised He 0 ), ds i /dU is the differential cross-section of the atom probed, and A is a constant based upon experimental variables (see eqn (S2) for full details). P i + and ds i /dU are not known for the elements present in ionic liquids, and determining P i + and ds i /dU is not trivial; historically it has been achieved by analysis of very pure samples of known surface composition. 80 As determination of N i is not possible (at least at present), comparison of N i for different elements is certainly not feasible (at present), e.g. N nitrogen and N sulfur cannot be compared directly from our LEIS results. However, information on N i can still be gained. P i + and ds i /dU are expected to depend upon the electronic environment of the target atom. For ionic + for different ionic liquids. Detection limit. If a peak due to an element is not observed at the ionic liquid-vacuum outer atomic surface using LEIS it is because N i for atom i is below our detection limit. The detection limit is determined by two factors: ds i /dU (and possibly P i + too), and the signal-to-noise ratio for the peak (due to a large background scattered ion yield, see ESI † for more details). In Table 1 approximate detection limits taken from the literature are given for the elements investigated in this study. 80 These values can be used as a qualitative guide to the amount of an element present at the sample outer atomic surface. For example, if a peak is detected for nitrogen, it can be assumed that $1% of the ionic liquid-vacuum outer atomic surface is composed of nitrogen atoms.
How one denes which atoms are in contact with the vacuum is important; the probe used (and its properties) is vital to this denition. For example, the ionic liquid-vacuum outer atomic surface will be different if a relatively large probe such as Br 2 
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Two groups have used intrinsic analysis MD simulations to investigate the composition of the ionic liquid-vacuum outer atomic surface; a probe with a radius of 0.2 nm was used, chosen to be close to the characteristic size of the atoms constituting the system.
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Results
We judge there are three potential scenarios to explain why an element is not at the ionic liquid-vacuum outer atomic surface. Firstly, the amount of this element in the bulk ionic liquid (i.e. the stoichiometric amount of that element in the ionic liquid) is relatively small. Secondly, the ions nearest to the vacuum are oriented such that the atom in question is covered by other atoms in the same ion. Thirdly, the ions nearest to the vacuum are covered by atoms in a different ion.
Alkyl chains at the ionic liquid-vacuum outer atomic surface
All 23 ionic liquids studied here contain cationic carbon atoms; every [C n C 1 Im][A] ionic liquid contains ve carbons bonded to a nitrogen atom (C hetero ) and at least one carbon atom bonded only to carbon and hydrogen (C alkyl ). In addition, there are also carbon atoms in seven of the anions (C anion ) studied here
; 18 of the ionic liquids studied here contain at least one C anion . A Gaussian-shaped peak for carbon was observed for nine of the 23 ionic liquids. As the carbon peaks for the other 14 ionic liquids have the same peak energies (within experimental error) we conclude that carbon is at the outer atomic surface for all 23 6 ], using intrinsic analysis MD simulations it was shown that cationic carbon made up approximately 85% of the ionic liquid-vacuum outer atomic surface (excluding hydrogen atoms); the three imidazolium ring carbon atoms comprised $10%, and the alkyl carbons $75%. 72 Our conclusion is that Y carbon is relatively small in our LEIS experiments because C alkyl atoms are present just beneath the ionic liquid-vacuum outer atomic surface, with hydrogen atoms present at the ionic liquid-vacuum outer atomic surface (although ds carbon /dU will also contribute to the relatively small Y carbon ). Overall, if the CH 2 groups are considered as individual entities, they are certainly present in significant amounts for many ionic liquids at the ionic liquidvacuum outer atomic surface.
Cation charged groups at the ionic liquid-vacuum outer atomic surface
The only imidazolium-based ionic liquid for which a peak due to cationic nitrogen is observed was [C 2 C 1 Im][C 1 CO 2 ] (Fig. 1 and (Fig. 3b) . A very small phosphorus peak was observed for both [P 6,6,6,14 CO 2 ] we conclude that cationic nitrogen is at the ionic liquid-vacuum outer atomic surface, as the nitrogen peak appears at the characteristic energy of a nitrogen surface peak (Table S3 †) . For the ionic liquids for which a nitrogen peak was not observed, the amount of imidazolium nitrogen atoms at the ionic liquid-vacuum outer atomic surface is <1-2% ( Table 1 ). The stoichiometric amount of cationic nitrogen (for the ionic liquids shown in Fig. 1 and 3 6 ] that the imidazolium nitrogen atom percentage at the ionic liquid-vacuum outer atomic surface is <1-2%. [P 6, 6, 6, 14 An important factor is that the detection limit (most likely due to a combination of ds i /dU, P i + and a small scattered ion background) in LEIS for phosphorus is smaller than for nitrogen (Table 1) . Another important factor is that phosphorus-carbon bonds ($1.8Å) are longer than nitrogencarbon bonds ($1.5Å); 92 therefore, phosphorus atoms are likely to be less covered by the four alkyl carbon atoms than the nitrogen atoms in the ammonium ionic liquids. At this stage, we cannot make further comment on the positions of the alkyl chains for these ionic liquids.
Lastly, as explained in Section 3.1, it is impossible to determine if a carbon peak is due to scattering from C hetero or C alkyl atoms, or indeed from C anion atoms. Therefore, no comments can be made on the amount of C hetero atoms present at the ionic liquid-vacuum outer atomic surface.
Cations located nearest to the vacuum have multiple orientations
Our nding that the amount of nitrogen at the ionic liquidvacuum outer atomic surface is far below that expected from stoichiometry can be explained by considering the orientation of the [C n C 1 
Anions at the ionic liquid-vacuum outer atomic surface
Peaks due to the anion are observed for all 23 ionic liquids studied here (Fig. 1, 3-5 and Table 2 , which contains both a surface peak and a sub-surface peak (Fig. 6) . Therefore, it can be concluded that all elements observed, as listed in Table 2 93 Therefore, the lower energy component of the sulfur region is due to scattering from sulfur atoms located just below the outer atomic surface, which we label as S sub-surface . This lower energy component is produced by neutralisation of He + to form He 0 on collision with S sub-surface (and loss of a small amount of energy), followed by ionisation to re-form He + . We use S surface (1835 eV) as a constraint when tting the sulfur region for [ 6 ] phosphorus is at the ionic liquid-vacuum outer atomic surface, and therefore not completely covered by the six surrounding uorine atoms, as a Gaussian-shaped phosphorus peak was observed at 1784 eV (Fig. 1) There are several literature studies that conclude that the anion is not at the ionic liquid-vacuum outer atomic surface for ionic liquids containing long alkyl chains, as the anions are covered by alkyl chains. 35, 36, [53] [54] [55] [56] [57] We have studied the same/ similar ionic liquids, and found part/all of the anions at the ionic liquid-vacuum outer atomic surfaces. As the interpretation of our LEIS results is unambiguous, in the following section we attempt to reconcile these apparent contradictions. Table 2 Indication of whether anion peaks were observed for each ionic liquid family. Y ¼ surface peak observed (i.e. either a Gaussian shaped-peak was observed, or the peak energy matched that of a surface peak for the same element), N ¼ not observed, ? ¼ element observed, but unclear whether the peak observed is due to scattering from atoms in the cation or the anion. The dashed entries in the Table represent elements that are not present in the anion. All elements for which a peak is observed are at the ionic liquid-vacuum outer atomic surface (see text for details) 
Anions located nearest to the vacuum have multiple orientations
To date, it has been common to report only the most probable ion orientations. SO 3 ] À orientations for those anions nearest to the vacuum. Table S5 † for more details on amounts of each element); the associated decrease in Y oxygen for n ¼ 0 to n ¼ 8 is 78 to 11. The decrease in the stoichiometric amount of sulfur in [C 4 C 1 Im][C n OSO 3 ] for n ¼ 0 to n ¼ 8 is 7-4%; the associated decrease in Y sulfur(surface) for n ¼ 0 to n ¼ 8 is 19 to 2. These large decreases in Y oxygen and Y sulfur(surface) are due to the orientation of the anions nearest to the vacuum. Clearly, the most probable anion orientation is with the anionic alkyl chain closer to the vacuum and the sulfate group closer to the bulk liquid, in agreement with experimental and MD simulations studies on [C 2 C 1 Im][C 8 OSO 3 ]. 29, 30, 67 However, the fact that peaks due to oxygen and sulfur are detected for [C 4 Using anionic Y i we can determine the effect of the cation on the relative amounts of anionic elements, and therefore amounts of anion, at the ionic liquid-vacuum outer atomic surface. Two cationic variables can be considered: the alkyl chain length for the same cation core, and the cation core itself. We compare Y i to the expected stoichiometric amount of each atom in the bulk ionic liquid to judge the effect of the cation on the anion (see Table S5 † for more details).
, as n was increased Y i for all anion peaks (i.e. O, F, S sub-surface , S surface ) decreased signicantly greater than expected from stoichiometry ( Fig. 3 and 8a) . Therefore, there is far less anion at the ionic liquid-vacuum outer atomic surface than expected from stoichiometry as n increased. to 18%) and Y sulfur(surface) decreased from 36 to 5 (stoichiometric decrease from 9% to 6%). We conclude that as n increased, the anions were increasingly covered by the alkyl chains, but certainly not completely covered, in agreement with previous reports based upon atom scattering/reactivity experiments. 2 ] to [P 6, 6, 6, 14 ] [N(CN) 2 ] is greater than expected simply by stoichiometry alone, indicating that the anions for [P 6, 6, 6, 14 (Fig. 3b, 8b , c and (Fig. 3c, 8b, c The amount of anion at the ionic liquid-vacuum outer atomic surface is clearly affected by the cation. In broad terms, ionic liquids with longer alkyl chains have less anion at the ionic liquid-vacuum outer atomic surface. This trend can also be explained in terms of cation size: ionic liquids with larger cations have less anion at the ionic liquid-vacuum outer atomic surface. For most ionic liquids considered, the decrease in anion quantity with increasing alkyl chain quantity is far greater than expected based upon just stoichiometry. There are two possible explanations for this nding: rstly, the increased probability of alkyl carbon being at the ionic liquid-vacuum outer atomic surface as n increases, and secondly, changes in the orientation of the anions nearest to the vacuum as n increases. Based upon a range of experiments (e.g. ARXPS [30] [31] [32] [33] and atom scattering/reactivity [46] [47] [48] ) we conclude that the rst explanation is far more credible. It must be noted that the results for [P 6, 6, 6, 14 ] [A] demonstrate that the amount of anion cannot be explained with reference to just one variable; neither the amount of alkyl carbon in the bulk ionic liquid nor the anion size correlate with the amount of anion at the ionic liquid-vacuum outer atomic surface. Due to a lack of comparable data from other methods, no speculation will be made on the surface structure of [P 6, 6, 6, 14 ] [A] ionic liquids.
Overall discussion
Based upon our LEIS results and literature ndings, it is clear that at least part of both the cation and the anion are present in the ionic liquid-vacuum outer atomic surface of all 23 ionic liquids investigated. Anionic elements are at the ionic liquidvacuum outer atomic surface, as the alkyl chains do not form a high density overlayer and therefore do not completely cover the anions, even for ionic liquids which are almost exclusively composed of alkyl chains (e.g. [P 6, 6, 6, 14 ]Cl). Consequently, it must be concluded that thinking of the ionic liquid-vacuum surface as consisting of an alkyl overlayer and an ionic underlayer is an oversimplication. All 23 ionic liquids studied here have at least one element at the outer atomic surface that provides a strong hydrogen bond acceptor adsorption site. Therefore, there are relatively energetically favourable adsorption sites for many important adsorbates, e.g. water, and clearly all adsorption sites at the ionic liquid-vacuum surface are not equivalent. The realisation that the anions are always observed at the ionic liquid-vacuum outer atomic surface has allowed us to re-evaluate and at times reinterpret the published data of other groups. It is important to note that we have studied the ionic liquids with the longest alkyl chains that are liquid at room temperature, and observed anions at the ionic liquidvacuum outer atomic surface for all of them. Therefore, it is difficult to envisage a scenario where the anion is completely covered (i.e. <1% of elements) at the ionic liquid-vacuum outer atomic surface. However, we do not observe all elements within these ions, e.g. we do not observe a nitrogen peak for [cation]-[Tf 2 N]. We estimate that the amount of cationic nitrogen at the ionic liquid-vacuum outer atomic surface is <2% of the elements at the ionic liquid-vacuum outer atomic surface for all of the imidazolium-and ammonium-containing ionic liquids studied here, apart from [C 2 6 ] and four functionalised ionic liquids. 81 For the neat ionic liquids, they concluded that the ionic liquid-vacuum outer atomic surface is composed of all atoms of both cations and anions for all ionic liquids studied. However, we cannot observe a characteristic nitrogen peak in any of the LEIS spectra of those ve ionic liquids (Fig. 2 in ref. 81) . Therefore, the conclusion that the ionic liquid-vacuum outer atomic surface is composed of all atoms of both cations and anions for those ionic liquids is, from our point of view, incorrect.
To maximise the amount of charged cationic groups at the ionic liquid-vacuum outer atomic surface, the crucial factors are a short cationic alkyl chain and a small anion. To maximise the amount of anion at the ionic liquid-vacuum outer atomic surface, size matters: the cation must be as small as possible. This knowledge can be used to tune the amount of cation (or anion) at the ionic liquid-vacuum outer atomic surface. More subtle factors must be considered when the ion sizes are similar for two ionic liquids; at present we do not have sufficient data to identify these factors.
For both cations and anions nearest to the vacuum, multiple ion orientations clearly occur. To date, most studies of the ionic liquid-vacuum surface report the most probable ion orientations, which has led to the model outlined in our introduction that the alkyl chains are nearer to the vacuum and the charged groups are nearer the bulk than the alkyl chains is the most probable composition. However, other orientations occur. Due to the liquid nature of ionic liquids, we envisage that there are a wide range of anion orientations occurring, as ions diffuse and collide at the ionic liquid-vacuum surface. However, it is clearly of interest to try to understand which are the most probable anion orientations; further studies are evidently required to obtain a fuller picture of ion orientations. The conclusion that multiple ion orientations occur is important as the less probable orientations may be responsible for observed phenomena from kinetics studies, 60-62 molecular scattering, 51 CO 2 capture, 9 and nanoparticle preparation, 94 for which the interpretation relies heavily upon studies of the ionic liquid-vacuum surface structure. In particular, the presence of relatively reactive groups, e.g. halide anions, the carboxylate group of [C 1 CO 2 
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Three examples are given where the presence of multiple ion orientations may help interpret the data. The thermally averaged kinetic parameters are very similar for water adsorption/ desorption from [C 8 42 These results were interpreted using a model of an alkyl overlayer and an ionic underlayer. It should be noted that we have detected the OSO 3 group at the ionic liquid-vacuum outer atomic surface for [C 4 C 1 Im][C 8 OSO 3 ]. As explained previously, such a model is an oversimplication and a more complex model is required to explain these ndings.
Given the complexity of ionic liquid-vacuum surfaces, MD simulations have a vital role to play in gaining a clearer understanding. To date quantitative validation of MD simulations has focused mainly upon experimental and calculated values of surface tension. 45, [64] [65] [66] Our results can be used for quantitative validation of MD simulations of ionic liquidvacuum surfaces. For example, from our results, one knows the relative amounts of uorine present at the ionic liquidvacuum outer atomic surface for [C 2 6 ], but there is scope for molecular level validation of a large number of ionic liquids, if the number of atoms located at the ionic liquid-vacuum outer atomic surface from MD simulations is reported.
Conclusions
High-sensitivity LEIS has allowed us to study the elements at the ionic liquid-vacuum outer atomic surface. Our sample set comprises 23 carefully selected "target" ionic liquids to attempt to capture the common ionic liquid structural moieties. We have combined our results with literature data from different techniques and simulations in order to elucidate the surface structure of ionic liquids and the factors that affect its formation. This work provides a new, updated picture of the ionic liquid-vacuum surface with an unprecedented level of detail.
The composition of the ionic liquid-vacuum outer atomic surface is more complex than suggested by many previous studies. We nd that the probability of cationic heteroatoms being at the ionic liquid-vacuum outer atomic surface is very low. We have established that part/all of the anion is at the ionic liquid-vacuum outer atomic surface for all 23 ionic liquids studied; for ionic liquids with long alkyl chains, these chains dominate the ionic liquid-vacuum outer atomic surface, but are not sufficiently densely packed to completely cover the anions. The presence of strong hydrogen bond acceptor adsorption sites has important implications for understanding adsorption, especially when considering adsorbates which can act as hydrogen bond donors, e.g. water and ethanol. We demonstrate that the amount of an ion present at the ionic liquid-vacuum outer atomic surface can be tuned by varying the size of the other ion; larger cations (or anions) occupy more of the ionic liquid-vacuum outer atomic surface, leaving less room for anions (or cations). By identifying elements present at the ionic liquid-vacuum outer atomic surface, conclusions can be drawn on the orientations of anions nearest the vacuum. For both cation and anions multiple orientations are observed, with some anion orientations having a higher probability than others. To date most experimental and simulation studies report, for the ions nearest to the vacuum, the most probable ion orientations, and do not report multiple ion orientations. Thus, the models developed are not representative of ionic liquid-vacuum surfaces. We propose that these ndings are particularly important, as the less probable ion orientations may dominate the observed surface properties.
